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Abstract
Higgs inflation is known to be a minimal extension of the Standard model allowing for
the description of the early Universe inflation. This model is considered as an effective field
theory since it has a relatively low cutoff scale, thus requiring further extensions to be a
valid description of the reheating phase. We present a novel approach to the problem of uni-
tarization and UV completion of the Higgs inflation model without introducing new massive
degrees of freedom. This approach is based on an analytic infinite derivative modification of
the Higgs field kinetic term. We construct a unitary non-local UV completion of the original
Higgs inflation model such that the inflationary stage stays stable with respect to quantum
corrections.
1 Introduction
The minimal realization of the inflationary stage in the early Universe can be achieved by
making use of a scalar field which is already present in the Standard Model – the Higgs field
[1]. If the Higgs boson has a non-minimal coupling to gravity as follows1
S =
∫
d4x
(
1
2
(M2P + 2ξH
†H)R− |DµH|2 − λ
4
(H†H − v2)2
)
, (1)
it can successfully drive inflation. Notations are standard and quite self-explanatory but several
comments are in order here. In this model, the predictions for the cosmological perturbations
are perfectly consistent with the recent data [2]. However, the Higgs self-coupling is fixed by
the low energy physics in such a way that at high energies it cannot be too small. If no new
physics enters at energies between the Planck and electroweak scales the value of λ at the scale
of inflation should be of order 10−2. This requires a large value for the dimensionless coupling
ξ ∼ 103 ÷ 104 in order to obtain the observed amplitude of cosmological perturbations. This
leads to the problems of the theoretical consistency of this inflationary model due to the low
value of the cutoff scale MP /ξ [3, 4] which is higher than the scale of inflation but is quite close
to it. Although inflation itself can still be consistently described [5], during the reheating phase
the inflaton produces particles with momenta higher than the cutoff scale [6]. This means that
the model enters a strongly coupled regime and a UV completion is required. In principle, the
model could contain a kind of self-healing mechanism and can still work in a non-perturbative
regime at high energies without violating unitarity [7, 8]. But anyway, the predictivity of such
a model is lost, in a sense of obtaining concrete predictions from the values of parameters
measured at low energies.
1We adopt the (−+++) signature convention for the metric in the paper.
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Several models which complete Higgs inflation at energies higher than MP /ξ were suggested
[9, 10, 11]. All these models assume the presence of an extra scalar particle with the mass of
the order of MP /ξ. Moreover, in all these models, inflation is actually driven by this extra
field instead of the Higgs boson. However, the background energy density is dominated by the
Higgs field and the amplitude of scalar perturbations is still defined by λ and ξ. Therefore it
is interesting to address a question of whether we can build a UV completion for the Higgs
inflation mechanism without introducing new degrees of freedom.
Presence of gravity in this setup render the Higgs inflation model non-renormalizable in
its original formulation. This means that the model contains an infinite number of operators
suppressed by the powers of the cutoff scale. The coefficients standing in front of these operators
are to be defined from the experiment. Notice that besides corrections to the inflaton potential,
in general, we expect also operators with (infinitely) higher derivatives. The latter observation
gives us a hint that higher derivative or even non-local effects can be relevant in this construction.
One can ask whether it is possible to tune all coefficients of the effective Lagrangian in such a
way that the model would be still predictive at energies higher than the cutoff scale? In the
current paper, we show that the answer is positive and formulate an Analytic Infinite Derivative
(AID) Lagrangian leading to the finite loop corrections which also might in principle solve the
strong coupling issue in Higgs inflation.
AID Lagrangians were widely studied in various contexts ranging from string field theory
[12, 13, 14, 15] and in particular p-adic string theory [16, 17, 18] to the models aimed at
describing quantum gravity [19, 20, 21, 22, 23, 24]. An interacting scalar field theory can be
rendered finite upon introducing an appropriate modification to the quadratic in fields term.
Presenting sketchy, the Lagrangian of the form
L =
1
2
φF()φ− V (φ) , (2)
with F() = (−m2) e2σ() can lead to the exponential suppression of the propagator at large
momenta as long as a suitable choice of function σ() in the exponent is made. This yields all
loop integrals to become finite.
For the time being the most robust motivation for theories with an infinite number of higher
derivatives in the form of analytic form-factors comes from the string field theory. Namely, the
kind of Lagrangians which arise in such an approach looks as follows [14, 15]:
LSFT =
1
2
ϕ(−m2)ϕ− V (e−σ()ϕ) , (3)
where σ() is some polynomial of the d’Alembertian  and V is some interaction, polynomial
in its argument and the lowest degree of the field ϕ in V is 3. In other words, V does not
contain quadratic in ϕ terms. Technically V is not an interaction potential anymore since it
has clear momentum dependence. However, given σ() is a polynomial we have a well-defined
IR limit and the real potential is extracted when all the momenta are zero. To discriminate the
regimes of low and high energies it is natural to setup a mass scale Λ of the higher derivative
modification and write σ() such that it depends on /Λ2. In string theory, this scale is the
string mass which is theoretically bounded by the Planck mass MP from above.
From the perspective of the latter Lagrangian we have a theory with AID vertices. One can
however easily redefine the field as φ = e−σ()ϕ and move the AID operators to the quadratic
in fields term. This yields
L =
1
2
φ(−m2)e2σ()φ− V (φ) , (4)
which is exactly Lagrangian (2).
2
In a well-defined scenario, one should avoid ghost fields and this is one of the guiding princi-
ples limiting our AID theory construction. We know starting from the papers by Ostrogradski
[25] that higher derivatives generically introduce ghosts. Since the number of degrees of freedom
is counted by the number of poles in the propagator one may try to keep only one pole even with
extra derivatives in the Lagrangian. Given the construction above this can be made only if the
original operator (−m2) in the quadratic form is multiplied by a function of the d’Alebertian
which has no zeros on the whole complex plane. Mathematically the only possibility for such an
extra factor is an exponent of an entire function. This being said as long as the ghost absence
question is concerned we can consider σ() to be a generic entire function and not only a poly-
nomial. The presented construction can be trivially elevated to models in a curved background
by a simple replacement of the flat space-time d’Alembertian by its covariant counterpart. This
will not spoil the ghost-free condition in any way.
We stress however that the non-local function itself depends on the particular vacuum of
the potential in order to guarantee the absence of ghosts. Namely, consider a potential that
has several vacua which moreover arrange different masses to the scalar field. The presented
above construction allows having no ghosts only in a single vacuum in which the mass of the
field is given by m2. In all vacua where the effective mass of the field is different from m2 an
infinite number of fields with complex masses appear on top of the standard excitation. An
interpretation of these new fields is still unclear, while there are several including reasonably
old studies [26, 27] claiming that they do not spoil unitarity at least at scales below the scale
of higher-derivative modification Λ. Another approach designates such fields as totally virtual
degrees of freedom and a term fakeon is used with respect to such excitations [28] especially in
describing certain aspects of Lee-Wick type models.
The simplest choice for an entire function is a polynomial, and the minimal try would be
σ() = −/Λ2. This minimal choice, however, appears to lead to the exponential growth of
tree-level scattering amplitudes given by the exchange diagrams which can be shown by direct
simple computation. On the other hand, the choice σ() = 2/Λ4 does not result in such a
problematic behavior providing us with a UV finite theory even if the interaction potential is
non-renormalizable in the original local model. The difference comes from the fact that in the
latter case the exponent is decaying along both real and complex axis and necessity of this was
noted already in [21]. Such kind of theories can become strongly coupled at energies higher
than the non-locality scale. But due to UV finiteness, the predictivity would still hold because
only a finite number of parameters is present unlike the case of other self-healing mechanisms
[7]. In order to extract predictions, one may need non-perturbative methods, resummation of
diagrams, lattice computations, etc. Nevertheless, the good point here that this is possible in
principle and this is why such analytic non-local models also considered as a possible approach
to quantize gravity.
In this paper, we exploit this kind of analytic non-locality in order to heal the Higgs inflation
model from the problem of non-renormalizability. We show that the non-local propagator can
be chosen in such a way that all loop diagrams become convergent. We show that, at least at
tree level, the model can be made weakly coupled even for momenta larger than the scale of
non-locality (the suppression scale of higher derivatives). Nevertheless, we leave the rigorous
loop computations for future study, restricting ourselves with the computation of the one-loop
effective potential for the real scalar field with non-local propagator. We show that if the
non-locality scale is chosen to be of the order of the cutoff scale of the initial local scalar field
Lagrangian, the one-loop correction given by the Coleman-Weinberg potential can be small for
all values of the classical background field. This provides a hint that the model can be still
weakly coupled also at the loop level.
The paper is organized as follows. In Section 2 we setup a non-minimally coupled scalar
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field model of inflation with an AID propagator. We proceed with outlining the main steps in
constructing so to say good AID theories and give a special account to the problem of extra
modes effectively appearing as long as the system leaves the vacuum. We further show that
inflation remains stable with respect to quantum corrections. Having this done we move on in
Section 3 by incorporating the model in the Standard Model Higgs inflation scenario paying
special attention to the issues of preserving the gauge invariance, unitarity of amplitudes, and
the problem of the Higgs mass naturalness. The results are summarized in Section 4.
2 UV completion of a toy model: real scalar field with non-
minimal coupling to gravity.
In this Section, we demonstrate distinctive features of our approach using a simple example of
a single scalar field non-minimally coupled to gravity. This field would resemble the behavior of
the radial Higgs mode. A way of introducing non-locality is presented and critically considered
from several points of view.
2.1 The toy model
We start with the following action
S =
∫
d4x
(
1
2
(M2P + ξh
2)R− 1
2
(∂µh)
2 − λ
4
h4
)
. (5)
After the redefinition of the metric we obtain an action in the Einstein frame [1]
SE =
∫
d4x
√−gE
(
1
2
M2PRE −
1
2
(∂µφ)
2 − V (φ)
)
, (6)
where
V (φ) =
λM4P h(φ)
4
4(M2P + ξh(φ)
2)2
and
dφ
dh
=
MP
√
M2P + (1 + 6ξ)ξh
2
M2P + ξh
2
. (7)
For h > MP the potential simplifies to
V (φ) ≈ λM
4
P
4ξ2
(1− e−2φ/(
√
6MP ))2 , (8)
which resembles the one of the Starobinsky model of inflation [29, 30, 31].
We continue working in the Einstein frame Lagrangian for the Higgs inflation model and
also at this point we introduce the non-local propagator yielding the following Lagrangian:
L =
1
2
M2PRE +
1
2
φF()φ− V (φ) . (9)
As explained in the Introduction, we choose the operator function
F() =  e2/Λ4 , (10)
as the simplest possibility which arranges at once the absence of new degrees of freedom, sup-
pression of all loop integrals, and does not lead to the growth of tree amplitudes. For our
purposes of constructing UV completion at the cutoff scale MP /ξ we need the non-locality scale
to obey Λ ∼ MP /ξ. We leave the potential unmodified compared to (7), in order to get the
original model at the scales below the scale of Λ.
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We follow the canonical understanding that the number of degrees of freedom is given by
the number of finite poles of the propagator. Our choice for F() does satisfy the ghost-free
condition as long as V ′′ = 0. The latter condition is indeed satisfied in both vacua of the
potential in question (7), namely, when φ tends to infinity and when φ = 0. In some sense,
it is a lucky situation that the desired potential generates the same masses of a particle in all
its vacua. In our case the particle is massless. Otherwise, given mass terms are different in
different vacua, the form-factor would be able to arrange an absence of ghosts only in one of the
vacua. It follows from here that it is a good thing that the field potential of our model has no
other (otherwise irrelevant) vacua. The existence of such other vacua and most probably other
non-zero value of mass terms for the scalar field in them could lead to some non-perturbative
effects related to possible violations of the ghost-free condition. We comment on this issue in
more detail right below.
2.2 On the number of physical excitations
As noted above, all two existing scalar field vacua in our model obey V ′′ = 0 and therefore
operator function (10) generates only one degree of freedom. As long as V ′′ 6= 0 which is
true almost everywhere apart from the vacua an attempt to linearize equations results in the
following operator in the quadratic form
Km() = 1
2
e2/Λ4 − 1
2
m2 . (11)
Here we use m2 = V ′′(φ) with φ being the classical background value of the scalar field. This
particular operator results in infinitely many effective local scalar fields with most of them
having complex masses. We name these new fields effective because they do not belong to any
vacuum of the model in a sense that they cannot be created as states in any present vacuum of
the theory. Still, it is nothing wrong with linearizing around a non-vacuum point of evolution
especially if the effective mass is a slowly varying quantity as it is during inflation.
To understand why many fields appear it is useful to represent the operator function of the
d’Alembertian utilising the Weierstrass product decomposition for an entire function which tells
us that any entire function G(z) can be presented as:
G(z) =
∏
i
(z − zi)nieg(z) , (12)
where zi are algebraic roots of the equation G(z) = 0, ni is the root’s multiplicity and g(z)
is some entire function. In a simplest case all ni = 1. The outlined above operator K is a
manifestly entire function. A further justification to make use of this formula in general comes
from the fact that at least the string field theory obtained models certainly contain only entire
functions of  as operators in field quadratic forms. Therefore, in a generic case for models
containing the following quadratic in field term
L =
1
2
φG()φ+ . . . , (13)
with an entire operator function G() one can easily achieve two things [32, 33]:
• First, the free equation of motion can be easily solved. Indeed, it would look like
G()φ =
∏
i
(−m2i )eg()φ = 0 . (14)
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We assume here for simplicity that the root’s multiplicity is always one. Then the solution
will be
φ =
∑
i
φi where (−m2i )φi = 0 . (15)
Moreover, since the original model provides a form-factor with real coefficients in its Taylor
expansion around zero, all roots are either real or come in complex conjugate pairs.
For a pair of complex conjugate roots, numbered say i and j, one should consider correlated
initial conditions on functions φi and φj such that the sum of these functions is zero. This
is a condition for a consistent background solution for the original field φ which must be
real.
We note here that more than one real m2i will definitely be a ghost-like excitation and is
as such a problematic configuration. However, pairs of complex conjugate masses squared
are not obligatory bad and may lead to hassle-free models. Notice that in this case one en-
counters somewhat non-canonical complex field model which has the following Lagrangian:
Li =
1
2
[
G′(m2i )φ(−m2i )φ+ G′(m2i ∗)φ∗(−m2i ∗)φ∗
]
, (16)
which cannot be diagonalized in real fields. Factors of G′(m2i ) appear upon computing the
Weierstrass decomposition.
The appearance of complex conjugate poles and their interpretation was already discussed
in [26]. In a nut-shell, such poles with masses m = u±iν with ν > 0 would imply causality
violation at distances less than 1/
√
ν. Even generically an alarming symptom, it can be
safely ignored given that the imaginary part which would cause troubles is large enough
compared to physically important scales of the model. Yet it is important to verify that
this wishful expectation holds.
• Second, one can straightforwardly compute residues at all poles of the propagator. The
point is to figure out by use of formula (12) that a residue at the point of m2i is given
by 1/G′(m2i ) which is not zero by construction as long as all roots are assumed to be the
simple ones.
One technically important point here is that in principle fields can be rescaled to a some-
what arbitrary number. This implies that unless we clearly understand the field’s normal-
ization, or unless there are no eternal guiding principles for doing that, one can always
bring the real part of the residue value to be ±1.
The novel and an intuition breaking thing here is that the very situation of changing the
number of degrees of freedom dynamically is extremely unusual and is met here only due to
higher derivatives. Moreover, the jump is bizarre from a single excitation to effectively infinitely
many of them and most of those extra “would be” excitations have complex masses which are
totally alien objects in canonical field theory. What is even more curious, neither vacuum of
the presented theory can create anything but one real massless particle.
Hence, in principle, we can say that those effective fields are not excitations in any way
and as such just stop discussing them. However, since their appearance, even effective, is not a
completely understood process, we are going to follow a safer way and show that these “would
be” degrees of freedom are screened by having huge masses compared to real physical scales in
the model. This follows from the adjustment of the non-locality scale Λ to be heavier than the
Hubble scale during inflation.
Masses of effective particles are given by roots of an algebraic equation [32]
Km(m2k) = 0 or F(m2k) = m2 . (17)
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This has a solution in terms of the Lambert function W as follows2
m2k =
Λ2√
2
√
W (2m4/Λ4) . (18)
Appearance of infinitely many roots follows from the fact that W -function has infinitely many
branches. To see that masses of effective particles mk are large we need digging into the details
of function W [34]. First we compute the argument of W function. In Figure 1 the argument
in question is plotted and the main observation is that in our case it is bounded roughly by
0.000021 from above. The point where the curve touches zero corresponds to the inflection
Figure 1: Here we plot 2V ′′2/Λ4 as function of the canonical field φ for larger and smaller ranges
of the field for more details. Here MP = 1, ξ = 1000, λ = 0.01 and Λ = MP /ξ.
point of the potential.
We thus need to study the behavior of the W function for small arguments. Denoting Wk
the k-s branch of the W function we designate k = 0 to be the branch which gives a real solution
which is in our case unique and corresponds to the mode of interest, the inflaton. All other
branches provide the “would be” particles with complex masses such that masses are complex
conjugate for branches k and −k. Moreover, values of the Wk function for k 6= 0 for small non-
negative arguments (which is clearly satisfied in our case as we gain a strictly positive value)
can be approximated as
Wk(x) ≈ log(x) + 2piik − log(log(x) + 2piik) . (19)
Here k takes discrete integer values as it should be. The complex conjugation upon changing
k → −k is obvious. In Figure 2 we plot the real and imaginary parts of the √Wk(0.000021)/2,
i.e. the real and imaginary part of m2k for the maximum possible value of the argument of the
W -function for our potential. The smaller the argument, the greater masses will be generated.
As such the largest argument provides the worst-case scenario. We see that both real and
imaginary parts of m2k are greater than unity (with the exception of the real part of m
2
1 while
still |m21| > 1) and as such mk describes somewhat massive field with a mass squared above the
non-locality scale.
2The Lambert function W solves the equation xex = y as x =W (y).
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Figure 2: Real and Imaginary parts of m2k in units of Λ calculated using the approximation
(19). The second row of plots depicts the situation for small branch numbers.
In order to come to standard grounds and to bring an even more intuitive picture we can
disband the two unusual complex scalar fields into a pair of real but non-diagonalizable scalar
fields as follows [32]:
L =
1
2
F ′(m2)φ(−m2)φ+ 1
2
F ′(m2∗)φ∗(−m2∗)φ∗
=α(f− fµ2 + gν2)α− β(f− fµ2 + gν2)β − 2α(g− gµ2 − fν2)β .
(20)
Here we use F ′(m2) = f + ig, m2 = µ2 + iν2 and φ = α + iβ with all quantities used in the
last line of the above formula being real. Also we omit the index k for mk because obviously
expressions for each k are similar. In these new notations Figure 2 depicts µ2 and ν2.
The latter quadratic form is still not that illuminating though because unusual complex
fields with complex masses are replaced with real quadratically coupled fields. We cannot
clearly designate them to be good or bad but thanks to the normalization freedom which
was mentioned earlier we can diagonalize either the derivative or mass quadratic form. The
latter seems to be more informative because doing so we will see what are the masses of these
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“would be” excitations. Diagonalization of the mass quadratic form and the further canonical
normalization of the kinetic terms of the fields yields
L =
1
2
α
(
− µ
4 + ν4
µ2
)
α− 1
2
β
(
− µ
4 + ν4
µ2
)
β − καβ , (21)
where the factor 1/2 has been introduced for convenience and
κ =
ν2
µ2
√
µ4 + ν4
√
f2 + g2
fν2 + gµ2
.
We have assumed that the factor in front of the kinetic term of the field α which has been
absorbed in the fields to achieve the canonical normalization is positive. We have not loss the
generality here because flipping this sign is equivalent to exchanging α↔ β.
What happens is that the masses of real fields are very large compared to the cutoff scale.
In Figure 3 we see their behavior for small and large values of the branch number. The mixing
factor κ quickly stabilizes to unity (see Figure 4) and does not affect the interpretation that
heavy masses of new effective modes forbid their excitation during evolution characterized by
energy scales below the parameter Λ.
Figure 3: Mass of the real fields for small and large branch numbers, in units of Λ.
2.3 Classical background equations
Let us now proceed with constructing a model leading to the early Universe inflation which
(up to small corrections) resembles the Higgs inflation model written in the unitary gauge.
Alternatively, one can look at this construction as building a UV completion for the inflation
driven by the real scalar field with large non-minimal coupling. The only modification required
is the non-local kinetic term for the scalar field in the Einstein frame. Here we show that this
modification does not spoil inflationary solution in the slow-roll regime.
Freedman equations for non-local model (9) look as follows [33]:
3M2PH
2 = ρ , (22)
F(∂2t + 3H∂t)h+ Vh = 0 . (23)
9
Figure 4: Mixing coefficient κ for small and large branch numbers, in units of Λ.
If F() = Σk≥0fkk the energy density is
ρ =
1
2
Σ∞n=1fnΣ
n−1
l=0
[
∂t(∂
2
t + 3H∂t)
lh∂t(∂
2
t + 3H∂t)
n−l−1h+
+(∂2t + 3H∂t)
lh(∂2t + 3H∂t)
n−lh− 1
2
hF (∂2t + 3H∂t)h
]
+ V (h) .
(24)
Looking for the first correction coming from the higher derivative modification which is
F() = + 2
Λ2
+ . . . one gets:
ρ =
1
2
h˙+ V +
1
Λ2
(
h˙∂t(∂
2
t + 3H∂t)h+ ((∂
2
t + 3H∂t)h)
2
)
, (25)
h¨+ 3
(
H +
H¨
Λ
)
h˙+ Vh +
h(4)
Λ2
+
6H
Λ2
h(3) +
6H˙ + 9H2
Λ2
h¨ = 0 . (26)
In the slow-roll approximation all higher derivative terms are suppressed even if the non-locality
scale is of order of the Hubble scale. Indeed, since h(3) ∼ η2H2h˙ and h(4) ∼ η3H3h˙ (η =
V ′′/(M2PV )) the leading order slow-roll approximation is not affected by the non-locality. For
this reason, the inflationary solution is the same as in the original Higgs inflation.
We see here that even though one field is nominally present in the Lagrangian, this field
has a non-local higher derivative quadratic form leading to higher derivative corrections to
any computed values as long as the next orders in the slow-roll approximation are taken into
account. This should generically lead to violation of the standard consistency relation for non-
Gaussian corrections present in single-field models [35, 36, 37]. The expectation is to see this
consistency relation altered in higher orders in the slow-roll parameter by values of derivative
of the form-factor F() at zero (because the mass of the inflaton field, i.e. the Higgs field, is
zero in the inflationary vacuum). Then the picture will resemble the one got for non-Gaussian
correction in case of the Starobinsky inflation in the framework of AID gravity [38].
2.4 Effective potential
As the next step we explicitly compute the one-loop correction to the inflaton potential in a
model with non-local propagator. One-loop correction to the effective action has the following
10
general form:
S1 = − i
2
log det
(
δ2L
δφ2
)
. (27)
Corresponding correction to action (2)can be computed using
S1 = − i
2
∫
d4x
∫
d4kM
(2pi)4
log
(F(−k2M ) + V ′′(φ)) . (28)
Here kM is the physical momentum in Minkowski space. The effective action is a functional of
the only scalar variable V ′′(φ) which means that the analytic continuation of the momentum
integral from Euclidian to the Minkowski space is straightforward.3 The integral can be com-
puted for Euclidian momentum from the very beginning which would lead to the disappearance
of the factor −i in (28). Here we assume F(k2) = k2ek4/Λ4 . Formally, the integral is divergent
but it can be rewritten as
L1(V
′′(φ)) =
∫
d4k
2(2pi)4
log
(
k2ek
4/Λ4 + V ′′(φ)
)
=
=
∫
d4k
2(2pi)4
log
(
k2ek
4/Λ4
)
+
∫
d4k
2(2pi)4
log
(
1 +
V ′′(φ)e−k4/Λ4
k2
)
.
(29)
The first term on the last line is just an infinite contribution to the normalization of the func-
tional integral as it does not depend on the background field. For this reason, we can consider
only the last term which is convergent
I(V ′′) =
∫
d4k
2(2pi)4
log
(
1 +
V ′′(φ)e−k4/Λ4
k2
)
. (30)
If we start with the tree level potential of the form V = m20φ
2/2 + λφ4/4 we obtain using
V ′′ = 3λφ2 +m20 a large finite correction to the mass term,
Veff = −I(m20)− 3λI ′(m20)φ2 +
1
2
m20φ
2 +
λ
4
φ4 . (31)
Since I ′(m20) ∼ Λ2 we get a correction to the mass term of order of the non-locality scale. In a
local theory corrections of such type correspond to quadratic divergences. In non-local theory
on contrary this contribution is finite but it can still be large. If we want to keep the field
massless we need to tune the initial mass m0 in such a way that the condition
I ′(m20) =
m20
6λ
, (32)
is satisfied. It is an algebraic equation on the number m0, thus it can be solved numerically.
Upon this tuning the one-loop correction to the initial potential appears to be small.
In a model of inflation with non-minimal coupling (9), the potential is more complicated.
But the same procedure can still be performed there. Again, tuning of the mass of the field is
required. The point is that the simplest way of the addition of a mass term would spoil the
flatness of the potential at large field values. Therefore, we should add a term that behaves as
a mass at small values of the field and on top of this is suppressed for large fields. Surely, this
3Transition from Minkowski to Eucidian momenta can be an issue in non-local theories for the amplitudes
which depend on external momenta. The familiar Wick rotation is not applicable in this case. Here we do not
go into details of this consideration and follow the results of [39].
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can be done in an infinite number of ways. Here we present an example that leads to small
one-loop corrections to the original (massless) potential. Namely, we take the bare potential of
the form:
V0(φ) =
λM4P h(φ)
4
4(M2P + ξh(φ)
2)2
+
m20φ
2
2(1 + ξ2h(φ)4)
. (33)
We can show numerically that given the non-locality scale is smaller than MP /ξ, the one-loop
corrected potential V1(φ) = V0(φ) − I(V ′′(φ)) is very close to the original one V (φ) (9). The
result is presented in Figure 5.
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Figure 5: Relative deviation (V1(φ)−V (φ))/V (φ) between the one-loop corrected potential and
the classical one for the two choices of non-locality scale.
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Figure 6: Original and corrected potentials for Λ = 5MP /ξ. For Λ = MP /ξ they are practically
indistinguishable.
Thus, we have obtained that after tuning of the mass term in the potential the one-loop
correction can be made small. This is possible only if the non-locality scale is smaller than the
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scale MP /ξ. Otherwise, for higher non-locality scales the one-loop correction becomes large,
see Figure 6. In this situation, the one-loop result can not be trusted anymore providing a sign
of entering the strong coupling regime. Still in the case Λ . MP /ξ we can not immediately
conclude that the model can be treated perturbatively because accurate computations of loop
scattering amplitudes is required. We leave this issue for future projects.
3 Non-locality in the Standard model
Although we have obtained that a single field model with non-minimal coupling to gravity can be
UV completed by an appropriate non-local form-factor one would find that an implementation
of this mechanism in the Standard Model is not straightforward. The Standard Model Higgs
boson is a complex doublet charged under SU(2) group. This makes the introduction of a
form-factor more tricky. We suggest below a model in which the non-locality is introduced only
for the radial Higgs component and show that it can restore the tree-level unitarity at least for
2→ 2 scattering amplitudes.
3.1 Restoring gauge invariance
Action (6) for non-minimally coupled scalar actually resembles those for the Standard Model
Higgs in a unitary gauge H = (0, (r + v)
√
2)T if the gauge bosons are switched off. Now
we add the gauge bosons and restore the full action invariant with respect to the SM gauge
transformations.
A covariant derivative in action (1) in the unitary gauge can be written as,
|Dµr|2 = 1
2
(∂µr)
2 +
g2(v + r)2
4
W+µ W
−
µ +
(g2 + g′2)(v + r)2
8
ZµZµ . (34)
Here v is the Higgs VEV and g, g′ are the SU(2) and U(1) SM gauge couplings respectively.
Note that (∂µr)
2 can be written in a covariant form
(∂µr)
2 =
(∂µ(H
†H))2
4H†H
. (35)
Therefore, the part of the Lagrangian for Higgs inflation which does not contain the radial mode
is
L1 = −M2P
|DµH|2 − (∂µ(H
†H))2
8H†H
M2P + 2ξH
†H
. (36)
Further, the covariant form of the action for the radial mode is
L2 = − (∂µ(H
†H))2
8H†H(M2P + 2ξH†H)
− 3ξ2 (∂µ(H
†H))2
(M2P + 2ξH
†H)2
− V (H†H) . (37)
In the sequel we propose to not introduce non-locality to the part L1 of the action because
extra gauge-covariant derivatives will lead to infinitely many new couplings between SM gauge
bosons. In such a complicated framework it would be hard to say whether this leads to a
self-consistent finite theory or not. We leave this question open for now.
Hence we suggest modifying only the sector of the radial Higgs mode. However, one should
be careful with the introduction of a higher derivative form-factor because it can lead to the
fast growth of tree-level amplitudes at energies higher than the cutoff scale. For example, the
following Lagrangian
L =
1
2
φf()(φ+ aφ2) , (38)
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leads to exchange diagrams which grow rapidly at large momenta, since we would choose the
sign in front of the d’Alembertian operator such that loop integrals converge.
The way to proceed is to introduce non-locality in the same way as it was done in Section 2
and this can be safely accomplished. Namely, we canonically normalize the kinetic term and
modify the canonical propagator. This would not lead to pathologies in the sector of the radial
Higgs mode. Still, we are going to show in the next Section that scattering of longitudinal
modes of vector bosons would grow with momenta starting from MP /ξ.
3.2 Issue of tree-level unitarity
Besides the strong-coupling in the scattering amplitudes of the radial Higgs mode, the Higgs
inflation model suffers from the problem of the tree-level unitarity in the sector of gauge bosons
[5, 40]. Let us show the origin of these problems in a somewhat simpler model of a U(1) field.
This model resembles the same issue which appears in the non-Abelian case. The scattering
amplitudes of longitudinal polarizations of gauge bosons are known to grow as ξp/MP violates
unitarity at MP /ξ.
We work in the so called Rξ gauge [41] where the longitudinal part of the Abelian vector
field is kept in a phase of the Higgs, H = heiθ/
√
2.4 In this case, in terms of the canonical
variables, our Lagrangian has the form,
L = −1
2
(∂µh)
2 − 1
2
G(h)(∂µθ)
2 − V (h) . (39)
In the Standard Model G(h) = h2. In general, G(h) = G(v) + G′(v)h + G′′(h)h2/2 + .... We
are interested only in the amplitudes which grow with momentum. hh → hh amplitude does
not grow at tree level since there are no derivative couplings. But hh→ θθ amplitude will grow
unless G(h) = h2. This growing is coming from three diagrams, a, b, c in Figure 7, and it has
a form
M∼ s
(
2G′′(v)
G(v)
−
(
G′(v)
G(v)
)2)
. (40)
The diagram d in Figure 7 does not lead to an amplitude which grows with momentum. In the
case of Higgs inflation, approximately finding potential (7) we get
φ(h) ≈ h− 2ξ
2
M2P
h3 . (41)
This leads to
G(h) = h2(1− 4ξ
2
M2P
h2), M∼ ξ
2s
M2P
. (42)
a b c d
Figure 7: Diagrams for tree-level scattering hh→ θθ.
4The longitudinal part z can be written as H = (h0 + iz)/
√
2. Due to the equivalence theorem [41] we study
scatterings of the Goldstone modes instead of the scatterings of gauge bosons
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Non-locality, as it is introduced in Section 2 in the radial sector, can not treat this behavior
since no changes are incurred for these particular diagrams. However, the problem can be solved
if a non-local form-factor is added in a more complicated way. To see this we exploit the freedom
in splitting quadratic and interaction parts in the Lagrangian. Namely, if we define a new field
variable
y(h) =
hMP√
M2P + ξh
2
, (43)
this would bring the coupling to the safe form y2(∂µθ)
2. Then, the kinetic term can be split as
follows
L = −1
2
(∂µy)
2 − ξy
2(∂µy)
2((2 + 6ξ)M2P − ξy2)
2(M2P − ξy2)2
− V (y) . (44)
If we designate y to be our canonical field variable and treat the second term as an interaction
than in this case we get growing amplitude yy → θθ from the s-channel diagram with y-
exchange (diagram d in Figure 7). Note that this diagram did not give growing with momentum
contribution in the original variable h. Besides this diagram, all other diagrams which impact
this scattering process (a, b, c) do not grow. Thus, in these variables, we narrowed the problem of
tree unitarity breaking to the sector of radial the Higgs mode. This means that once we introduce
a non-local form-factor in the first term in (44) we arrive at the exponential suppression of this
diagram (due to non-local propagator) which solves the problem under discussion.
Notice that the interaction term in (44) does not spoil the nice features of the model such as
convergent Higgs loops and radial Higgs scattering amplitudes. Tree level scattering amplitude
hh→ hh does not grow due to the crossing symmetry. Indeed, the matrix element would scale
as s+ t+ u in Mandelstam variables and the latter combination is constant on-shell. However,
scattering amplitudes of many particles can still suffer from the unitarity breaking at scales lower
than Planck mass. In principle, this can be cured by appropriate non-local modification of the
second term of (44). In general, such modifications are not expected to spoil the background
solution for Higgs inflation in the slow-roll regime since they modify only terms with derivatives
which are suppressed in the slow-roll approximation.
Eventually, let us present a covariant form of a non-local Higgs Lagrangian which provides
Higgs inflation and is safe from the strong coupling problem at tree level which originally appears
at the scale MP /ξ.
L =
1
2
y(
√
H†H)F()y(
√
H†H)
− ξy(
√
H†H)2(∂µy(
√
H†H))2((2 + 6ξ)M2P − ξy(
√
H†H)2)
2(M2P − ξy(
√
H†H)2)2
−M2P
|DµH|2 − (∂µ(H†H))2/(8H†H)
M2P + 2ξH
†H
− V (H†H) .
(45)
Here F() = (−m2H)eσ() with an entire function σ() in the exponent and the potential is
V (H†H) =
λ(H†H − v2)2
4(M2P + 2ξH
†H)
− 1
2
m2Hy(
√
H†H)2 . (46)
The last term is written because the Higgs mass term is already present in F().
3.3 Naturalness of Higgs mass
Here we discuss the hierarchy problem in the Standard Model related to the small mass given by
Higgs VEV compared to both inflation and Planck scales. In general, the tiny Higgs mass can
15
be affected by yet unknown high energy physics. If there are new heavy particles coupled to the
Higgs, loop corrections to Higgs propagator would be large, starting from this new energy scale.
Thus, fine-tuning of constants at high energies would be required in order to keep the Higgs
mass small at low energy. If there are no new particles between the electroweak and Planck
scales than one could hope that the Higgs mass can be kept small without extra fine-tuning. In
the considered framework, we do not add extra particles. Instead of this, we modify the Higgs
propagator at high energies.
In order to address the influence of non-locality on the naturalness issue, we start with the
computation of the first loop corrections to the propagator. We skip the diagrams that lead
to the corrections proportional to Higgs VEV and start with the diagram in Figure 8 which is
quadratically divergent in the canonical local Standard Model.
Figure 8: Loop correction to the Higgs propagator.
Let us compute explicitly the diagram in Figure 8 coming from the interaction λh4/4 and
σ() = 2/Λ2. The corresponding expression is given by
M = 3iλ
(2pi)4
∫
d4ke−k4/Λ4
k2 −m2H
. (47)
We follow [39] in defining the relation between Minkowski and Euclidian amplitudes. The
prescribed definition as to perform the analytic continuation from Euclidian external momenta
to physical Minkowski ones was shown in that paper to provide unitary amplitudes. Technically
at least for this diagram we are good to go with a standard Wick rotation. We thus obtain:
M = 3λ
8pi2
∫ ∞
0
k3dke−k4/Λ4
k2 +m2H
=
3λ
8pi2
(√
pi
4
Λ2 +
m2H
4
e−m
4
H/Λ
4 (−piErfi(m2H/Λ2) + Ei(m4H/Λ4))) .
(48)
The first term proportional to Λ2 reflects the quadratic divergence of the same diagram in
a local theory. The performed procedure resembles the higher derivative regularization [42]
where, first, an infinite tower of derivatives is used, and, second, the regularization parameter
is a part of the original system and thus is kept finite, though large, after all the computations
are finished.
Despite the efforts, however, some tuning of parameters would be needed because the term
quadratic in Λ would lead to a large correction to the Higgs mass. In order to keep the Higgs
mass small, we need its finite renormalization. Namely, if we set the bare mass to be
m20H = m
2
H −
3λ
√
pi
32pi2
Λ2 , (49)
than at one-loop level we get the SM value of Higgs mass. The price we pay is the fine-tuning
of parameters at the scale on non-locality Λ.
This outcome is easy to understand in our approach since we do modify only the behavior
of the propagator at large momenta, larger than the non-locality scale while keeping it intact
at lower scales. Technically the Λ2 contribution has come from the part of integration from
zero to Λ and this is not affected by the proposed higher derivative modifications in any way.
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Even more, it seems unfeasible to achieve smallness of such a contribution by adjusting the
form-factor because mathematically possible modifications will most likely make the function
in the exponent of the form-factor non-entire which in turn will lead to the problem of new
excitations, probably ghosts.
Moreover, it is known to be difficult overall to avoid this kind of fine-tuning. The most likely
scenario if that the Higgs mass can be naturally small only in presence of new symmetries, like
super-symmetry [43], scale invariance without new heavy particles [44] or if for example it is
generated non-perturbatively [45]. Finding a symmetry eliminating large quadratic corrections
keeping the presented in this paper non-local framework that treats the renormalizability issue
could be an interesting open direction to study.
4 Conclusions and discussion
The main game-changer in the presented consideration compared to previous studies of the
Higgs inflation model is the analytic infinite derivative (AID) modification of the scalar field
propagator. Namely, an exponent of an entire function of the covariant d’Alembertian is in-
troduced in the kinetic term. Having deep motivations from different perspectives including
interacting string theories, such a modification of the propagator will incur major consequences
for any model in which it is considered. One of the most important is the ultimate suppression
of the loop integrals. To have the things computable we specialize to an exact form of the
non-local form-factor exp(2/Λ4). Surely any polynomial with an appropriate sign would work
but to keep things tractable one would stick to a monomial. Moreover, a would-be simpler
choice of just exp(−/Λ2) does not satisfy our needs as it makes tree-level scattering ampli-
tudes exponentially growing. The important piece here is the mass scale parameter Λ which
can be though as an effective cut-off. It is not fixed per se but we, first, would have it above the
inflation scale H so that the inflationary dynamics is preserved as in the original local model
and, second, it is reasonable to have it of order Λ ∼ MP /ξ so that the UV completion by the
exponential suppression works at the cut-off scale MP /ξ of the local model. Section 2 has all
the corresponding analysis which shows that the desired behavior of the model can be achieved.
In particular, we have demonstrated explicitly by using the slow-roll approximation that the
inflationary dynamics is preserved.
Moreover, we have shown two important things related to the AID model modification.
First, we have computed masses of effective heavy excitation which emerge as long as the
model is not in a vacuum and have shown that corresponding masses are way heavier than
the non-locality scale which is in turn higher than the Hubble scale. This keeps the setup
safe from the influence of extra modes at least at linear order. As a general expectation, we
assume those effective excitations may generate non-Gaussian corrections measurably different
from the original local setup [38]. A corresponding analysis in this regard would be a nice
forthcoming study. Second, we have computed numerically the one-loop effective potential and
have observed that it introduces small corrections to the original potential as long as a finite
mass renormalization is performed. The latter can be taken as a parameter tuning after which
the loop correction to the original potential remains small.
It seems natural to expect that the reheating phase will get changed upon introducing
the higher derivative modification to the propagator. On the other hand, the fact that the
masses off effective heavy excitations are always above the non-locality scale makes us thinking
that incurred changes will preserve the main features of the reheating phase keeping the main
predictions modified mildly compared to the local model. It is yet one more open question to
be investigated soon.
In Section 3 we have shown that the AID modification of the propagator can be adopted
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in the full SM Higgs inflation setup without problems. Even better, we outline the ideas on
how to introduce further modification in the spirit of AID form-factors such that the tree-level
unitarity in the sector of gauge bosons is improved. However, the hierarchy problem or the
problem of the Higgs mass naturalness still seeks for a better resolution. In our modification,
we have achieved that a finite mass term tuning is required which is in a sense better than
a quadratic divergence in the original local model. However, finding a symmetry that would
preserve quadratic corrections small should be definitely addressed in future studies.
We can further contemplate that the construction presented in this work for the Higgs
inflation model can be merged as a part of a unique non-local UV-complete theory that features
AID gravity. Despite a number of open questions, the AID gravity seems to be a good candidate
for the unitary and renormalizable description of gravity at very high energies [22, 24, 46].
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